Introduction
4,5-bis(diphenylphosphino)-9,9-dimethyl-9H-xanthene (xantphos; XP 2 in Scheme 1), synthesized first by Kranenburg et al. [1] and Hillebrand et al. [2] , has been applied as a phosphine ligand in the preparation of a great number of transition metal complexes. The xanthene skeleton is not fully rigid [3, 4] , the dihedral angle characterizing its folding and the torsion angle characterizing its twisting, and thereby the PP distance and the P-M-P chelating angle vary in xantphos complexes, depending on the central metal atom and the counter ligands [5] . This explains the structural variety of xantphos complexes, demonstrated by studies on its Pd [6] , Pt [7] , Rh [5] and Ir [8] complexes, in which it acts as a monodentate, a bidentate (P,P with cis or trans coordination mode) or a tridentate (P,O,P) ligand. Many of its Pd, Ru, Rh complexes proved to be efficient catalysts in homogeneous catalytic reactions [9, 10] . Combined X-ray and catalytic studies on the complexes of xantphos and other diphosphines revealed that the catalytic effect depends on the P-M-P 'bite angle' [6, 11, 12] .
Xantphos is also an important ligand in gold chemistry: it can form dinuclear complexes with intramolecular aurophilic interactions [4, 13, 14, 15, 16] . In addition, a threecoordinate [17] and a four-coordinate [13] (quasi tetrahedral) gold(I) xantphos complex have also been reported, with lack of aurophilic interaction.
Many of the organometallic complexes with diphosphine ligands exhibit a strong luminescence at room temperature, making them attractive candidates as indicators in optical sensors and as emitters in electroluminescent devices [18, 19] . Xantphos occurs as a diphosphine ligand in luminescent Cu(I) [20, 21, 22] and Au(I) [4, 13, 14, 23, 24] complexes.
The quenching of luminescence of Cu(I) xantphos complexes by oxygen was utilized for constructing optical sensors [21] . Heteroleptic Cu(I) complexes with a xantphos and a pyrrole derivative ligand have been tested as emitting layers in LED devices [22] . Au(I) xantphos complexes can also be expected to show photophysical properties interesting for such technical applications, in particular that gold complexes with aurophilic interactions have special luminescence characteristics [25, 26] .
Scheme 1 here
In order to gain further information on the effects of the ligand flexibility on the properties of diphosphine complexes, in the present work a new diphosphine ligand with xanthene skeleton, 9,9-dimethyl-4,5-bis(diphenylphosphinomethyl)-9H-xanthene (X(CP) 2 in Scheme 1), has been prepared, in which the diphenyphosphine units and the xanthene scaffold are separated by methylene groups, and two gold(I) complexes of the new ligand -[AuCl(X(CP) 2 )] and [Au 2 Cl 2 (X(CP) 2 )] -have been prepared and studied by X-ray diffraction, NMR and luminescence spectroscopy.
Materials and methods
The reagents used in the syntheses were purchased from Aldrich and used without purification. Hexane was distilled from P 2 O 5 . All moisture or air sensitive compounds were synthesized under a nitrogen atmosphere using standard Schlenk techniques. For column chromatography Merck Kieselgel 60 (0.063-0.20 mm), for analytical TLC Merck Kieselgel GF 254 were used.
Synthesis

9,9-Dimethyl-9H-xanthene-4,5-dicarbaldehyde (1)
9,9-Dimethyl-9H-xanthene (5.0 g, 23.8 mmol) was dissolved in dry hexane (160 cm 3 ) under an inert nitrogene atmosphere and N,N,N'N'-tetramethylethylenediamine (TMEDA, 6.9 g, 8.9 cm 3 , 59.5 mmol) was added into it at 25 o C. A solution of butyllithium in hexane (1.59 mol/dm 3 , 38.0 cm 3 , 59.5 mmol) was added dropwise to the stirred reaction mixture while a dark red solution was formed. It was refluxed for 30 minutes, then cooled down to 25 o C before dry N,N-dimethyl-formamide (4.4 g, 5.0 cm 3 , 60.2 mmol) was poured into the reaction mixture. The dark solution was stirred for 1 hour while its colour became yellow. Aqueous hydrochloric acid (2 mol/dm 3 , 150 cm 3 ) was added and the mixture was stirred for 15 minutes. The precipitate was filtered off, washed with water (2u20 cm 3 ) then with hexane/ethyl acetate = 9/1 mixture (2u20 cm 3 ) and dried to yield the titled compound as an off-white solide (5.8 g, 91%), TLC R F : 0.25, eluent hexane/ethyl acetate = 9/1. An analytically pure sample were obtained by recrystallization of the crude product from ethyl acetate.
1 H NMR: G 10.69 (2H, s, CHO), 7.81 (2H, dd, J 7.6, 1.6, ArH), 7.71 (2H, dd, J 7.8, 1.6, ArH), 7.26 (2H, t, J 7.6, ArH), 1.70 (6H, s, CH 3 ). † Note: 9,9-Dimethyl-9H-xanthene-4,5-dicarbaldehyde is known from the literature. Dilithiation of 9,9-dimethyl-9H-xanthene followed by DMF addition was accomplished first with 3 equivalents of butyllithium/TMEDA mixture in diethyl ether/hexane solution [27] to provide the target compound in 72% yield. Similar yield was achieved when the reaction sequence was carried out in a tetrahydrofuran/hexane mixture and the crude product was purified by column chromatography [28] .
Modification of the above mentioned methods allowed to provide the desired product in much higher yield. Actually, dimetalation was carried out in pure hexane at reflux temperature followed by the addition of DMF at room temperature and a simple aqueous hydrolysis. Under these conditions the product precipitated from the reaction mixture in 91% yield and it could be used in the next reactions without any purification.
4,5-bis(Hydroxymethyl)-9,9-dimethyl-9H-xanthene (2)
To the EtOH solution (60 cm 3 ) of dialdehyde 1 (2.75 g, 10.4 mmol) was added NaBH 4 (2.6 g, 70 mmol) and stirred overnight at ambient temperature. The mixture was then evaporated to dryness, treated with water (50 cm 3 ) and acidified with dilute HCl followed by extraction with ethyl acetate (2x50 cm 3 ). The combined organic phases were washed with water (50 cm 3 ), dried (Na 2 SO 4 ) and the volatiles were removed under reduced pressure. The product was crystallized with ether to obtain 2.4 g (86%) white semi-solid in essentially pure form. TLC: R F 0.35 (toluene-MeOH = 8:2). 1 
Scheme 2 here
Note: During the reaction the majority of phosphine formed became oxidized to phosphine oxide, therefore the product mixture was treated with H 2 O 2 to achieve complete oxidation.
9,9-dimethyl-4,5-bis(diphenylphosphynylmethyl)-9H-xanthene, (X(CP) 2 , 5)
Of the various routes suitable to convert phosphine oxides to phosphines that suggested in Ref. [29] 
[Au 2 Cl 2 (X(CP) 2 )], (7)
A mixture of 32,0 mg (0.053 mmol) of diphosphine 5 and 33. 
X-ray diffraction
Intensity data were collected on a Rigaku Rapid IP diffractometer with Mo-Kα radiation (λ = 0.71075 Å) at 293 K. Numerical absorption corrections were applied in all cases. The structures were solved by direct methods and refined [31] with anisotropic leastsquares for the non-hydrogen atoms. Hydrogen atomic positions were generated from assumed geometries and were not refined.
NMR spectroscopy
NMR spectra were recorded on a Bruker Avance DRX 500 and a Bruker Avance II 400 instrument using tetramethylsilane ( 1 H, 13 C) as internal standard and 85% H 3 PO 4 ( 31 P) as external standard, in CDCl 3 or CD 2 Cl 2 solutions.
Optical spectroscopy
The UV absorption spectra were recorded on an Agilent 8453 diode array spectrometer. The fluorescence and phosphorescence measurements were carried out on an Edinburgh Instruments FLSP920 fluorescence and phosphorescence lifetime and steady state spectrometer. The excitation light source was a Xe900 steady state xenon arc lamp, when measuring the fluorescence spectra, a nF900 nanosecond flashlamp filled with hydrogen gas, when the fluorescence decay curves measured and a PF900H microsecond xenon flashlamp, when the phosphorescence spectra and decay curves were recorded.
Results and Discussion
Synthesis
Scheme 3 here
The sequence of reaction steps is summarized in Scheme 3. The ligand (X(CP) 2 ), 5, was obtained via a multistep synthesis starting from 9,9-dimethyl-9H-xanthene. In the first reaction selective deprotonation of the xanthene backbone in the positions 4 and 5 (activated by the heteroatom) [1, 2] , was accomplished by 2.5 equiv. of n-BuLi/TMEDA in hexane. The dilithiated species was reacted with N,N-dimethylformamide followed by an aqueous hydrolysis affording the 4,5-bis(aldehyde) intermediate 1 in high (!90%) yield. Further treatment with NaBH 4 in ethanolic medium followed by acidification converted 1 to 4,5-bis(hydroxymethyl)xanthene 2 which, in turn, was transformed to 4,5-bis(bromomethyl)-9,9-dimethyl-9H-xanthene 3 with PBr 3 as brominating agent. Exchange of the bromine atoms for Ph 2 P moieties was achieved by condensing 3 with KPPh 2 in THF. Unfortunately, the target diphosphine appeared only as a minor constituent of the reaction mixture, in which the bis(phosphine oxide) 4, and the corresponding phosphine monoxide could be identified as major components. In order to facilitate the spectroscopic characterization of the isolated product and also to supply a uniform starting material for the next reaction step, the mixture of the isolated products was oxidized by H 2 O 2 to bis(phosphine oxide). Finally, a mixture composed of HSiCl 3 and Et 3 N in toluene was used to convert 4 to the target diphosphine 9,9-dimethyl-4,5-bis(diphenylphosphinomethyl)-9H-xanthene 5. To our knowledge, not only the target diphosphine but also the intermediates 2-4 are novel compounds, whose spectroscopic data are given in section Materials and methods.
Crystal structures
Besides the structures of the two Au complexes of X(CP) 2 , the structure of the oxidized ligand, X(CPO) 2 has also been determined by X-ray diffraction. Crystals of X(CP) 2 , suitable for such measurements could not be obtained. The unit cell, data collection and refinement parameters for X(CPO) 2 , [AuCl(X(CP) 2 )] and [Au 2 Cl 2 (X(CP) 2 )] are presented in Table 1 .
Table 1 here
The molecular structure of X(CPO) 2 is presented in Fig. 1 , selected metric parameters for this molecule are collected in Table S1 in Supporting Information. The oxidized ligand crystallizes without the inclusion of solvent molecules. While the basic structural data, such as C-C, C-P and P-O bond lengths as well as the bond angles do not show any peculiarities, the planar conformation of the xanthene moiety, and the extensive (intra-and intermolecular) hydrogen bond network (Table 2 ) deserve attention. Table 2 here
The most striking structural feature of X(CPO) 2 is the almost perfect coplanarity of the three-ring system of the xanthene fragment. While the angles formed by the planes of the two aromatic rings in the closely related structure of xantphos [2] are 23.4° (XP 2 ), 20.1° (XP 2 .THF), and from slight to moderate tilting can also be observed in the oxidized form of this diphosphine, (X(PO) 2 [32] , 31.1, 30.1 and 11.4°), the respective angle is only 3.1° in X(CPO) 2 . The variations of this dihedral angle prompted us to search the Cambridge Crystallographic Database and 403 dimethylxanthene moietes were retrieved. It is worth to note that crystal structure of dimethyl (or diethyl) xanthene has not been reported. The distribution of the phenyl dihedral angles are shown in Fig. S1 . Values distribute over a range from 0 to 50.4° testifying for the flexibility of this ring system. We believe that the remarkable difference in coplanarity can be attributed to the dissimilar arrangement of the Ph 2 P units in molecules where they are directly bonded to the xanthene backbone compared to our case where this coupling is accomplished through inserted CH 2 groups. In the former group of compounds, the lone pair of electrons on the phosphorus atoms as well as the P=O fragments point toward the same side of the xanthene unit allowing thereby different intraand intermolecular interactions to occur on the two sides of the plane. This arrangement is demonstrated in Fig. 2 . The net outcome of uncompensated effects may result in bent xanthene backbones. The opposite orientation of the two P=O units in our case, however, makes the two sides of the xanthene unit to be symmetrically affected by secondary interactions, and, consequently, a coplanar arrangement of the three rings is preferred. Table 3 here
The three-coordinate, mononuclear nature of [AuCl(X(CP) 2 )], was confirmed by X-ray crystallographic analysis (Fig. 3) . The molecule has Cs symmetry, the mirror plane passes through the Au1, Cl1, O1, C7, C8 and C8a atoms (and one hydrogen atom from each methyl group). Bond distances and angles around the gold atom are presented in Table 3 . As illustrated by the right view of the structure in Fig. 3 , the rings of the xanthene moiety are arranged in ideal coplanarity. (The mean deviation is 0.007 Å, the largest deviations from least square-plane are O1 0.0022 Å and C7 0.019 Å.) Surprisingly, the phosphorus, gold and chlorine atoms with two of the phenyl rings also form a plane that is obviously stabilized by strong intramolecular interactions. Of these, two C-H···Cl bonds seem to make the most significant contribution (Table 2) 
Fig. 4 here
Indeed, the Au-Cl bond distances in gold(I) complexes of the type P-Au(Cl)-P seem to depend on steric factors: the wider the P-Au-P angle is the longer the Au-Cl bond gets. 62 three-coordinate gold(I) complexes were retrieved from the Cambridge Crystallographic Database and the Au-Cl distances show a fair correlation with the P-Au-P angles (cf. Fig. 4 ).
For some outliers other factors may contribute (e.g. the phosphorus atoms are part of a macrocycle). The Au-Cl distance range is 0.51 Å (2.44 -2.95 Å), while the P-Au-P angle range is 57.4° (116.1 -173.5°), the correlation coefficient is 0.907. Table 3 ) and the Au-P bond distances are comparable to [Au 2 Cl 2 (X(CP) 2 )].
NMR spectra
The NMR spectra of diphosphine X(CP) 2 are consistent with the proposed structure. In 
Optical spectra
The data of the absorption and phosphorescence spectra of the X(CP) 2 ligand and its two gold complexes are summarized in Table 4 . The absorption spectra of these compounds in CH 2 Cl 2 solution, and their phosphorescence spectra and phosphorescence decay curves measured in solid state are shown in Fig. 7 . Table 4 here Fig. 7 here
The absorption spectrum of the free ligand X(CP) 2 involves a multicomponent band ranging to ~ 300 nm, which is associated with the S o S* transitions of the 9,9-dimethylxanthene [37] and phenyl units. The broad band around 330 nm is characteristic of aromatic phosphines. Fife et al. [38] assigned it to an n o S* transition (the excitation of an electron from the lone-pair orbital of the P atom to a S* orbital of phenyl rings). It is more intense than most other (e. g. carbonyl) n o S* bands, which can be due partly to the coupling of this electronic transition with vibrational ones, partly to the fact that it has some S o S* character.
To distinguish it from clear n o S* transitions, this transition of aromatic phosphines is frequently denoted as ℓ o a S (ℓone-pair o anti-bonding S) [39] . In most cases, this band of diphosphine ligands is blue-shifted in the spectra of their transition metal complexes, due to the stabilization of the lone pair electrons of their P atoms, which are used for the formation of the P-metal V bonds [40] . This shift is also shown by our complexes. In the spectrum of The phosphorescence properties of gold(I) complexes are sensitive to the coordination number of the gold centers and to the presence of AuAu interactions [43, 44, 45] .
In the majority of the known luminescent two-coordinate Au(I) complexes the Au centers are connected by aurophilic interaction, but several luminescent two-coordinate gold(I) phosphine complexes with lack of AuAu interaction have also been described, like
[AuCl(P(o-tolyl) 3 Three-coordinate gold(I) complexes are in general luminescent and this is not bound to the presence of aurophilic interactions [43] . In the phosphorescence spectrum of our threecoordinate complex, [AuCl(X(CP) 2 )], the band of the free ligand is shifted more to the red and its shape changes more markedly than in the spectrum of the two-coordinate compound, Ellipsoids are drawn at the 50% probability level (left). A side view of the complex (right). Figure S1 . Distribution of dihedral angles made by the phenyl rings in reported xanthene moieties (mean: 22.0°). 
